Dwarf bunt of wheat, caused by the fungal pathogen Tilletia contraversa J.G. Kühn, infects fall sown (winter) wheat. Symptoms of this systemic disease include increased tillering, dwarfing, and shorted culms (Fig. 1A) . Typically in infected plants, developing seeds are replaced by fungal sori containing teliospores (Fig.  1B) . Harvesting and processing of infected grain, including conveyance, mixing, and blending operations, rupture the sori and release teliospores (Fig. 1C) into the grain. At the farm level, when T. contraversasusceptible cultivars are grown in a dwarf bunt-conducive area, disease can result in loss of grain quality. Such grain is rejected as "smutty" under United States Department of Agriculture (USDA) grain quality standards (37) and is diverted to animal feed and not introduced into the U.S. export conveyance system. As a result of these standards, the levels of T. contraversa teliospores in export grain are generally low (19, 25, 42) .
Teliospores of T. contraversa commonly occur at detectable levels in U.S. wheat export shipments originating from the Pacific Northwest (PNW) (35; G. L. Peterson, personal observation). In the United States, dwarf bunt historically has been observed in approximately 1.4% of the total winter wheat acreage (14) and primarily in specific areas of the PNW and western intermountain areas (Fig. 2) . Today, in regions where the disease once occurred commonly, the use of resistant cultivars (11) and difenoconazole seed treatments (18, 32) effectively reduced the levels of disease to trace amounts in commercial fields. Because of the strict environmental requirements for disease establishment, management methods need only be used in areas where the disease has been reported. USDA does not regulate the movement of T. contraversa-infested grain from these regions for fear of further spread. Sometimes, farmers planting in areas that frequently do not have conducive conditions will risk planting higher yielding susceptible cultivars, which occasionally results in significant levels of infection and higher levels of teliospores in the grain conveyance system.
The biology and epidemiology of this pathogen have been well documented in more than 75 years of published research and field observations (2, 10, 11, 14, 21, 33) . Infection occurs after host plants enter winter dormancy and only through tillering initials present during a relatively narrow window of time during plant development. Germination of teliospores requires both stable high-moisture conditions and temperatures between -2 and 10°C for 3 to 8 weeks. Temperatures above 10°C inhibit germination. Only teliospores at or near the soil surface germinate to release basidiospores that initiate the infection process. Worldwide, localized yield losses are most often observed in regions with 60 or more days of continuous snow cover over unfrozen soil, which provides sufficiently high levels of soil moisture, relative humidity, and stable temperatures for teliospore germination while also protecting basidiospores and sporidia from desiccation. (2, 13, 14, 24, 36) . Temperatures at the soil-snow interface range from -2 to +3°C, well within the optimal range for teliospore germination and host infection (13, 14, 17, 35) .
Fifteen countries (Algeria, Brazil, Canada, Chile, People's Republic of China [PRC] , Czech Rep/Slovakia, India, Macedonia, Morocco, New Zealand, Paraguay, Poland, South Africa, Tunisia, and Turkey) have documented regulatory restrictions against the importation of T. contraversainfested wheat. The disease has been reported in five of the 15 countries.
The USDA Agricultural Research Service (ARS), in response to U.S. wheat industry concerns over the 34-year embargo by the PRC of U.S. wheat exports from the PNW, convened a multinational, multidisciplinary working group to conduct a pest risk assessment to evaluate and give insight into the potential risk of the introduction of dwarf bunt to new areas by the import of U.S. wheat for commercial milling and the likelihood of an adverse impact on their wheat production. The working group consisted of scientists and other participants from government agencies, universities, and industry from the United States, Sweden, Canada, Germany, and Mexico (see acknowledgments).
Based on the extensive quantity of published research on the biology, epidemiology, and disease control of dwarf bunt, we proposed that a quantitative, as opposed to qualitative, approach to this risk assessment would be possible. A quantitative mathematical model approach would greatly increase the utility of this assessment, in that individual components (data distributions) of the model could be easily customized for different countries and used to test the effects of changes in the import pathways or the effects of risk mitigation actions.
According to Sansford (30) , "Quantitative analyses are more feasible and com-mon in engineering and related disciplines. However, in biological disciplines, a lack of basic data often is a limiting factor in using fully quantitative methods." Similarly, Vose (38) stated, "A quantitative PRA that uses poor data, an incorrect model or an inappropriate technique has less scientific validity than a semi-quantitative/ qualitative PRA based on good research data and other literature". With these requirements in mind, despite the volume of existing published research, the development of a quantitative model required generating data for several elements unique to this project. ARS, in cooperation with other USDA agencies, the U.S. wheat industry, and university scientists, conducted studies which included the quantitative determination of the fate of teliospores during milling (3); development of sampling methods to estimate the levels of teliospores in U.S. wheat export shipments (42) ; a quantitative survey of T. contraversa teliospores in U.S. exports; and determination of the relationship between the number of teliospores in the soil and levels of disease produced under diseaseconducive conditions (12) .
The objective of this article is to describe and present examples of how the T. contraversa-risk model (TCK-risk model) was developed and successfully used in the presentation of risk assessments to convince Brazil, Peru, and Mexico not to regulate, and the PRC to end the 34-year embargo and establish a tolerance level for TCK teliospores in import shipments.
TCK-Risk Model
Scenario analysis was utilized to describe the events that would have to occur before dwarf bunt could become established in a winter wheat growing region. The model developed in this risk assessment is diagrammed in Figure 3 . The model estimates the number of spores introduced onto disease-conducive wheat hectares relative to the threshold level of spores unlikely to initiate disease introduction (12) . If the number of spores per conducive hectare exceeds the estimated per hectare disease threshold, then dwarf bunt introduction is possible.
To estimate the average number of spores per conducive-hectare of wheat (C14), the model estimates the number of spores that reach the wheat hectares (C13) and divides them by the number hectares with a dwarf bunt favorable environment (F4).
The number of spores to reach the disease-conducive wheat hectares is determined as shown by C11. In essence, this node shows how many spores arrive in imported wheat annually (C3) and the percentage of these spores that are dispersed to disease-conducive hectares (C10). The methods by which spores from grain for milling can be dispersed are detailed in C7. Some of the spores reach winter wheat fields via handling and milling (C4), and some spores are spread into fields after milling via millfeed and manure (C6).
The final estimate of the risk of introducing dwarf bunt is a function of the nodes, the mathematical relationship between the nodes, and the values estimated for the probabilities at each node. Major nodes in the scenario analysis represent independent events that can occur before dwarf bunt can become established in a wheat field. The mathematical relationship between the major nodes is expressed as a linear, multiplicative model. In some instances, major nodes may encompass multiple events, each contributing to the total probability estimate for that node. In this case, the mathematical relationship between the subnodes is expressed as the sum of the probabilities for each subnode. For example, the probability that viable teliospores will escape during the milling process is a major node. But there are a number of pathways during the milling process that could lead to their dispersal (subnodes), such as the proportion of spores escaping through house air filters or millfeed spillage during handling and mixing.
Upon arrival of T. contraversa-contaminated grain at the importing country, teliospores could be spread to wheat fields by several pathways. These include air dispersal during offloading and transport to commercial mills, direct diversion of the grain for use as planting seed, air dispersal during milling, contamination from millfeed lost during transport, and accumulation of spores in manure from animals fed the T. contraversa-contaminated millfeed. The model assumes that all escaping teliospores arrive in a winter wheat field.
Geophytopathological Model
Although the concept of geophytopathology was presented decades ago (26, 40, 41) , relatively little research has been conducted in the field. Its potential merits, however, were recognized by Coakley et al (8) and Zadoks (43) . The principle of adapting a weather-based disease forecast model to one for assessment of long-term regional disease risk was effectively demonstrated by Coakley et al. (4) (5) (6) (7) , who modified a model for stripe rust on winter wheat to accept daily weather data instead of monthly averages.
The dwarf bunt geophytopathological model (TCK-GM) integrates a wheat growth model with climate parameters in order to estimate the number of hectares within a country that may be conducive to disease introduction and significant reduction of yield. The very specific requirements of climate, growth cycle in the host, and germination cycle of the organism for wheat infection by T. contraversa readily lend themselves to the development of a model. As a critical subroutine within the TCK-risk model, the TCK-GM provides the location, annual frequency, and proportion of potential wheat hectares conducive to dwarf bunt introduction and establishment. The weather data come from a network of daily weather stations throughout much of the world that collect and transmit to global data centers through the United Nations World Meteorological Organization's (WMO) telecommunications network. The data include daily maximum and minimum air temperatures, precipitation, and weather codes that depict rain, snow, or clear weather every 3 hours. For our assessments, stations selected were those that had at least 75% of the data available over a 15-year time period (1982 to 1997). All weather data used for Brazil, China, Mexico, and Peru were supplied by the USDA's Joint Agricultural Weather Facility (JAWF) from the WMO network. The parameters of snow cover, surface soil temperatures, and the period of winter wheat tillering were generated by the procedures described in the following paragraphs.
A model developed by the JAWF to estimate snow cover and depth, based on accepted meteorological principles of snow accumulation and melting (1, 20) , has been used in Europe and Asia for over 20 years. The model first determines if any snow has fallen by examining the 3-hourly weather codes. If these codes are incomplete or missing for a given day, snow is estimated. If the mean temperature is less than 1°C, then snow is assumed to have occurred or remained at the standard ratio of 1 cm rain to 10 cm snow. If the weather codes are present, this ratio is modified by the presence of snow, rain, or sleet codes. Snow melt is assumed when either the maximum temperature is greater than 1°C or rain has occurred. Snow cover is determined by subtracting the snow melt from the snow. If snow cover is calculated as less than zero, then the model value is set at zero.
Maximum and minimum surface soil temperatures are estimated from relationships in the Crop Environment Resource Synthesis (CERES)-WHEAT crop model (28) . Surface soil temperature is a function of the air temperature and solar radiation at the surface. Solar radiation at the top of the atmosphere is estimated from day of year and latitude relationships; however, estimating the transmission of solar radiation through the atmosphere is very complex and difficult. For this reason, estimates of transmission for Brazil, China, Mexico, and Peru were based on relationships developed for the United States. The period of winter wheat tillering was estimated in wheat development routines from the wheat growth model MODWHT3 (27) . Inputs to these routines are growing degree days, maximum and minimum air temperatures, and planting dates.
Wheat hectares conducive to dwarf bunt. Two variants of the TCK-GM were developed. The first model variant assumes that the introduction of T. contraversa leading to potential yield loss requires 60 or more days of continuous snow cover of more than 1 cm when wheat is at a susceptible growth stage. These conditions were used in the TCK-GM to develop the "Yield Loss scenario", based on observations by researchers in the United States, Canada, and Europe (9, (15) (16) (17) 29, 32) . The second TCK-GM model variant, proposed by Chinese colleagues (39, 44) , assumes that dwarf bunt could be introduced when 42 or more days of precipitation occurred while surface soil temperatures stayed between -2 and 10°C during tiller development. The days did not have to be contiguous, but all conditions must occur on the same day for that day to be counted as part of the 42 or more days favorable for dwarf bunt. In this TCK-GM, these environmental requirements, combined with those of the Yield Loss scenario, were used to develop the "Introduction scenario". Its purpose was to identify not only regions where dwarf bunt may become established and cause yield loss, but areas where measurable agronomic yield loss would not be expected, but the disease may occur infrequently and at low levels.
A mathematical approach was necessary because the extent of the winter wheat growing areas in each state is not known precisely and the amount planted varies from year to year, especially for Brazil, China, India, and Peru where the resolution is limited to the reported number of hectares of wheat planted in each state or province each year. We assumed that the reported hectares of winter wheat grown in each state or province each year were distributed evenly across each state or province.
Hectare estimates of dwarf bunt-conducive winter wheat were summed for each state or province, and the number of years these conditions occurred over the 15-year period was calculated and grouped within frequency intervals from 5 to 95%. Using the results from the Introduction scenario and the Yield Loss scenario, Frequency maps for dwarf bunt Introduction and potential Yield Loss scenarios were produced using Geographic Information Software (GIS). The GIS was used also to determine the land area favorable for disease (in square kilometers) in each state or province within a country. The proportion of land suitable for disease was calculated and multiplied by the sum of winter wheat hectares in each state to estimate the number of hectares of conducive winter wheat land in each country.
Geophytopathological model validation. In order to validate the sensitivity of the TCK-GM, data were obtained from an equivalent distribution of 150 U.S. weather stations (Fig. 4A ) from 1982 to 1997 and used to test the model. GIS mapping results were compared with all U.S. counties where dwarf bunt has been reported. We did not differentiate between counties reporting field infection and historical reports based on herbarium specimens (e.g., two Wyoming counties do not grow wheat; however, the presence of dwarf bunt is recorded in the historic literature). The Introduction scenario was used in the analysis presented here. Results of the analysis showed that 11% of the U.S. winter wheat hectares had potentially conducive conditions for dwarf bunt introduction (Fig. 4B) . Using the TCK-GM, the GIS map overlay identified areas where disease-conducive conditions occurred in 50% or more of the years analyzed. This corresponded well with areas where historically significant incidence of disease once occurred. All counties where dwarf bunt had been reported were identified by the TCK-GM. Because of the snow cover criteria, the model's GIS output also identified the spring wheat growing regions of the central northern United States, although T. contraversa does not infect spring wheat. This had no mathematical impact on the TCK-GM model results or those of the TCK-risk model because the output from the TCK-GM is based only on reported hectares of winter wheat.
In addition, the results showed areas where dwarf bunt favorable conditions occurred only 5 to 24% of the years examined, although the disease has not been reported from most of these areas. Because the favorable conditions did not occur frequently, these regions may likely not support perpetuation of the disease; however, we believe this would convey an added level of comfort to trading partners when considering the final outcome of both the TCK-GM and TCK-risk model analyses.
Generic TCK-Risk Model Nodes and Probability Calculations
The model, presented in Table 1 , was built in a spreadsheet environment with Microsoft Excel 97 with Palisade Corporation's 32 bit @Risk (Ithaca, NY) add-in. Within the presentation of the model, nodes associated with the letter F (F1, F2, etc.) designate cumulative frequency distri- butions of model input data; P designates a probability function; and C designates a mathematical calculation. Additionally, most functions throughout the model are intuitively described as percentages to simplify reader comprehension, although in reality they were handled mathematically as probabilities. F1: Total annual tonnage of wheat to a country from all U.S. origins. F1 was based on the total annual tonnage of wheat exported to a country for a period of time, derived from historical data provided by USDA Grain Inspection, Packers, and Stockyards Administration (GIPSA) or from the wheat industry. A normal distribution was used. The distribution is truncated to prevent values below the minimum recorded tonnage shipped (negative values) for the specific importing country evaluated.
F2: Proportion of annual tonnage of wheat from different U.S. export terminals. We assumed that wheat imported annually by a country could originate from any U.S. port facility throughout the importing period (1 year). Because of differences in export tonnage, prevalence of dwarf bunt, and available statistical data from U.S. Gulf and PNW export terminals, two separate distributions (F2G and F2P, respectively; Fig. 3) were used in the model to determine F2, the total annual wheat tonnage exported. The annual tonnage of wheat exported to a country was derived from historical data provided by GIPSA.
F2P: Share of wheat shipped from PNW terminals. F2P represents the annual percentage of the total wheat tonnage shipped from PNW export terminals, with a most likely value of 50%. Industry experts stated that the proportion of wheat shipped from the PNW could range from 30 to 70% annually. A triangular distribution was used with a most-likely probability of 0.5 and a range of 0.3 to 0.7.
F2G: Share of wheat shipped from Gulf terminals. F2G is the complement of the triangular distribution of F2P and is defined as: F2G = 1 -F2P. Table 2 (T. B. Whitaker and G. L. Peterson, unpublished data). Data are based on analysis of 6,767 50-g whole-ship wheat composite samples. The validity of using a whole-ship composite export sample as representative of the uniformity of spore dispersal in the export lot is supported by a separate USDA study (42) . Composite samples, prepared for official grading and representative of export shipments, were used for the dwarf bunt analysis. Although some wheat exports, such as those to Mexico, are delivered by railcar and truck, it was assumed that the spore concentrations were similar to those obtained from marine export terminals because grain is handled similarly until loaded into the export conveyance. The method of sample analysis was a modification of Mathre and Johnston (22) in which a 50-g seed sample is washed in 100 ml of detergent water, the wash filtered through a 50-µm mesh nylon screen, the filtrate centrifuged to concentrate the debris and transferred to microscope slides, and the total number of teliospores in the sample debris determined by light microscopy. The method used to identify TCK teliospores was based on general morphology and use of reticulum depth to differentiate T. contraversa from T. tritici (if ≥0.95 µm = T. contraversa). This method does not differentiate TCK from a number of common grass smuts (T. fusca and T. bromi), which, although common, generally occur in very low numbers in export wheat shipments (G. L. Peterson, personal observation). From a trade perspective, the risk of misidentifying a grass smut becomes the exporters' risk for possible commodity rejection. The effect on this risk assessment model is an overestimation of T. contraversa contamination levels resulting in a slight elevation of projected risk associated with this node of the model. F3G: TCK teliospores per ton of Gulf wheat (20,000 × TCK count/50 g). F3G is an empirical distribution function derived from actual data from a single 1991 study (G. L. Peterson, unpublished data) to identify and quantify Tilletia species occurring in Gulf wheat export shipments. Because of transportation costs, wheat originating from dwarf bunt affected regions of the PNW rarely moves to Gulf export terminals; therefore, T. contraversa teliospores are seldom found in Gulf wheat shipments. For this reason, the costly 10-year study used to provide the data used in F3P was not conducted for Gulf wheat shipments. The available data related to T. contraversa teliospore levels in Gulf exports are summarized in Table 2 . Data are based on analysis of 528 50-g whole-ship wheat composite samples.
C2P: Calculated number of teliospores from PNW shipments, annually: C2P = C1P × F2P.
C2G: Calculated number of teliospores from Gulf shipments, annually: C2G = C1G × F2G.
C3: Calculated number of teliospores in U.S. wheat shipments, annually: C3 = C2P + C2G.
P1: Percent grain used for milling. P1 is the annual percentage of teliospores in grain entering the mill. Wheat milling experts in some countries estimate that up to 10% of domestic grain is lost during and after unloading but prior to entering the mill. However, imported grain is handled with far greater care than domestic grain, and therefore, estimated losses are reduced to approximately 2% annually. Based on these range estimates, a beta distribution with the parameters 6 and 2 (related to the mean and variance) was used to represent the P1 values ranging from 0.9 to 0.98. The parameters were chosen to represent a situation in which values were skewed to the right since imported U.S. wheat is of higher commercial value and therefore would be handled with greater care. P2: Percent teliospores spread by grain handling. P2 is the percentage of teliospores that become airborne during movement of grain from port, railcar, or trucking terminal to unloading at the mill. The TCK-risk model assumes that all teliospores are airborne. Based on expert information and industry records showing grain losses on the way to the mill, and therefore teliospore loss of equal proportion, P2 is estimated to be 0.25 to 0.305. Because no value was determined to be any more likely to occur, the probability was described as a uniform distribution with a range of 0.0025 to 0.003.
P3: Percent teliospores released by milling. P3 is the percentage of teliospores that become airborne during the milling process and escape through the mill's air filtration system to the outside environment. To evaluate the effect of the milling process on T. contraversa spores, Bechtel et al. (3) conducted a study at the Kansas State University with the Department of Grain Science and Industry Pilot Mill. Heavily contaminated white wheat was mixed with uncontaminated hard red winter wheat to produce a highly contaminated 60-bushel lot of wheat. The wheat was then cleaned and milled under normal settings, and samples were taken from different points throughout the milling stream and from the mill air filters at the completion of the run. The numbers of teliospores in these samples were determined.
Based on the work of Bechtel et al. (3), 1.8% of the teliospores entering the mill are trapped in the house filters. The filter efficiency is rated at 96%; therefore, 4% of 1.8% of the teliospores entering the filter may escape. Because occasionally filters are damaged or temporarily removed, it was estimated that up to 10% of the spores trapped in the dust filters could escape the mill filter system annually. A beta distribution with the parameters 2 and 18 was used to represent the P3, yielding a mean of 0.0068 with a median of 0.0203 and a range of 0.002 to 0.0295. This is highly skewed to the left, but 25% of the values are between 0.0022 and 0.0075 and half between 0.002 and 0.00203. The parameters were chosen to represent a situation in which values at the lower end of this range were more likely to occur than values near the higher end, assuming filter failure is not a common event.
C4: Probability of teliospores spreading to field by grain handling: C4 = P2 + P3.
P4: Percent teliospores that survive to millfeed. P4 is the annual percentage of teliospores that survive the milling process and accumulate in the millfeed. Bechtel et al. (3) showed that 95 to 97% of the teliospores that survived milling were found in the cleanings, house filter dust, and entoleter scourer-aspirator material. A few spores were found in the bran and shorts. No spores were detected in the flour or wheat red dog. These by-products and cleanings were combined to form the millfeed in which 21.1% of the total teliospores in the original grain entering the mill were concentrated. In the Bechtel et al. experiments (3), although the conclusions of both experiments were the same, the number of teliospores recovered was greater in the second experiment than the first. For the purpose of the TCK-risk Model, to conservatively compensate for the skewness of these two studies, a beta distribution with the parameters 4 and 2 was used to represent the P4 values ranging from 0.1 to 0.3 to reflect a situation in which values at the higher end of this range were more likely to occur than values near the lower end.
P5: Percent teliospores spread to fields by millfeed handling. P5 is the annual percentage of teliospores that are spread to a field by millfeed handling, specifically through transport and unloading from the mill to the livestock. According to industry data, millfeed loss in handling and transportation is estimated between 0.1 to 1.0% annually. No specific data were available within the actual range; therefore, a uniform distribution with a range of 0.001 to 0.01 was used.
P6: Percent teliospores fed to livestock. P6 is the annual percentage of teliospores fed to livestock through ingestion of millfeed. This distribution is estimated from the millfeed usage records of the importing country. Millfeed is often used in aquaculture and pet food as well as for cattle, chicken, and pig feed. Based on historical records, a beta distribution with the parameters 4 and 2 was used to represent the P6 with the range determined by data available for each country. The beta distribution was used to represent a situation in which values at the higher end of this range (greater quantity to livestock) were more likely to occur than values near the lower end.
P7: Percent teliospores surviving in manure. P7 is the annual percentage of teliospores that pass through the digestive tract of livestock and survive in the manure. Limited research (31,34) suggests ranges of 12 to 64% of the teliospores ingested by chickens and 32 to 36% ingested by cattle survive. Little information is available on survival in pig manure. Based on the limited available data, the highest percentage of teliospore survival reported from the two studies was used to describe the probability as a uniform distribution with a range of 0.3 to 0.7.
P8: Percent teliospores spread to wheat fields in manure. P8 is the annual percentage of teliospores spread on wheat fields by manuring. It was conservatively estimated that annually, only 40 to 60% of manure is spread on wheat fields. The remaining portion is assumed to be dispersed to other crops. The probability was described as a uniform distribution with a range of 0.40 to 0.60. No separate node for secondary spread of spores from nonwheat fields to a winter wheat field (or the movement out of a wheat field) was included in the model. Although no data are available to develop a distribution for this, it was assumed risk of teliospores moving into a wheat field would be equal to the risk of movement out.
C5: Teliospores spread to fields by livestock consuming millfeed. C5 is the yearly percentage of teliospores that could potentially be deposited in a field through the feeding of livestock with contaminated millfeed: C5 = P6 × P7 × P8.
C6: Spores spread to wheat field by millfeed handling and feeding. C6 is the calculated annual percentage of teliospores spread to the field after milling. This is derived from the probability distributions of teliospores in the millfeed (P4), teliospores spread by millfeed handling (P5), and teliospores spread into the field by livestock via manure (C5): C6 = P4 × (P5 + C5).
C7: Spores spread to wheat field per year. C7 is the calculated annual percentage of spores spreading to the wheat field by grain handling (C4) and through the millfeed (C6): C7 = C4 + C6.
C8: Total teliospores from milling. C8 is the annual percentage of teliospores per year that might be diverted from the milling process and potentially arrive in a field. This is calculated using the probability distribution of teliospores unloaded at the mill (P1) and the percent teliospores that survive the milling process and could be deposited in a field (C7): C8 = P1 × C7.
P9: Grain diverted to planting. P9 is the annual percentage of teliospores that do not enter the milling system, but are diverted in transport to the mill. Because there are no data to estimate the varying percentages of wheat that are diverted from the mill as seed for planting, animal feed, or human consumption, the model considers that all grain diverted is planted, this being the highest biological risk and thus the most conservative perspective. P9 is the complement of probability distribution P1: P9 = 1 -P1.
P10: Percent teliospores spread to wheat field. P10 represents the annual percentage of teliospores transported to the field on contaminated seed and planted. Because P9 assumes that all grain diverted will be planted, probability P10 is assumed to be 1.0.
C9: Percent teliospores from grain diverted to planting. C9 defines the total percentage of teliospores per year which could potentially be diverted directly to the field by planting. It is calculated from the probability distributions of grain diverted for planting (P9) and teliospores spread in wheat (P10): C9 = P9 × P10. C10: Teliospore dispersal into wheat fields. C10 is the annual percentage of teliospores per year that could potentially be dispersed into a wheat field from the milling process, millfeed, and diverted grain. It is calculated based on the probability distributions of teliospores from the milling process (C8) and teliospores diverted from the mill and planted (C9): C10 = C8 + C9.
C11: Total number of teliospores dispersed into fields. C11 is the total number of teliospores that could be deposited on wheat fields annually, with an assumption of a uniform distribution. It is calculated based on the total number of teliospores arriving in a country annually (C3) and the percentage of those teliospores dispersed to wheat fields (C10): C11 = C10 × C3.
F4: Hectares of potentially conducive environment. F4 is the number of hectares of potentially conducive environment. Based on the results obtained from the TCK-GM, a cumulative distribution function was used with a range of hectares reflecting the yearly variation in hectares that meet the dwarf bunt-conducive environmental parameters. For the purpose of this scenario analysis, the TCK-GM used Introduction scenario previously described.
F5: Total hectares in wheat. F5 is the number of hectares in wheat production annually. For a given country, annual data from historical records were used to construct a normal distribution.
C12: Percent wheat land conducive to introduction. C12 is the percentage of potentially conducive hectares per year, based on the number of conducive-hectares identified by the TCK-GM and the total hectares in wheat production. It is determined using the number of dwarf buntconducive wheat hectares (F4) and the total number of hectares in wheat (F5): C12 = F4/F5. C13: Total spores arriving on all conducive hectares. C13 is the total number of teliospores that arrive on all conducive hectares of wheat annually based on the total number of teliospores (C11) dispersed to wheat fields of a given country and the percentage of conducive hectares (C12): C13 = C11 × C12.
C14: Teliospores per potentially conducive hectare. C14 calculates the total number of teliospores dispersed onto a conducive hectare per year. This is determined by the total number of teliospores reaching conducive wheat fields (C13) and wheat hectares in the conducive environment (F4): C14 = C13/F4. T1: Teliospores per hectare: Disease threshold constant. The values used to establish the disease threshold level (T1 = 86,000,000 teliospores per hectare) were derived from a replicated 3-year ARS study (12) of the relationship between soilborne and seedborne inoculum density and the incidence of dwarf bunt of wheat. The study was conducted at two sites near Logan, UT, and one in Bozeman, MT, in fields with a history of frequent annual high disease incidence. Fields were fumigated with methyl bromide under tarp to eliminate the existing T. contraversa teliospore populations. To prevent the movement of teliospores from outside the fumigated fields in rain runoff, or the dispersal of teliospores out of our experimental plots, plots were surrounded with plywood fences. Based on study results, it was estimated that even under a highly conducive environment, it is unlikely that disease will occur until surface inoculum levels approach 860,000,000 teliospores/hectare. To provide an additional level of safety, a level 10 times lower was chosen as the disease threshold constant, 86,000,000 teliospores per hectare (T1). The model assumes that at this level, dwarf bunt is unlikely to occur even under favorable environmental conditions. C15: Net teliospores. C15 is the total number of teliospores per dwarf bunt con- ducive wheat hectare in excess of the Disease Threshold Constant determined from the total number of teliospores per conducive hectare (C14) and the Disease Threshold Constant (T1): C15 = C14 -T1.
C16: Threshold exceeded. C16 determines if the Disease Threshold Constant is exceeded and sufficient numbers of teliospores are available to allow for the introduction of dwarf bunt in a conducive environment with a susceptible host. If C15 > 0 then C16 = 1 (introduction is likely). If C15 < 0 then C16 = 0 (no likelihood of introduction).
TCK-Risk Model Analyses for Brazil, Peru, Mexico, and China
The country-specific TCK-risk model inputs for the Introduction scenario for importing U.S. milling wheat into Brazil, Peru, Mexico, and China are presented in Table 1 . F1 is the annual tonnage of wheat exported to Brazil, Peru, Mexico, and China based on historical records of 15, 41, 15, and 11 years, respectively. Shown are the mean, standard deviation, and ranges of the data by country. This normal distribution was truncated to prevent the occurrence of values below the least tonnage of wheat shipped. F4 is the number of hectares of potentially conducive environment. Climatic data for a period of 15 years were obtained from 62, 29, 85, and 482 weather stations distributed across Brazil (Fig. 5A), Peru (Fig. 5B) , Mexico (Fig. 5C) , and China (Fig. 6A) , respectively. F5 is the number of hectares in wheat production annually. The table shows the mean of number of hectares and a standard deviation of hectares for this normal distribution derived from data obtained from the annual wheat production records of the four countries over 15 years. Planting date inputs for the MODWHT3 wheat growth model were obtained from official records of each country.
Monte Carlo simulations were performed using both the Introduction and Yield Loss scenarios. One hundred thousand iterations of the model, each representing 1 year of importing wheat, were performed for all four countries using both scenarios. Model output was a probability derived from the number of times a number of T. contraversa teliospores likely to cause disease were introduced to a winter wheat field with environmental conditions favorable for supporting disease introduction or significant yield loss.
TCK-GM results for Brazil, Peru, and Mexico. Results obtained from the TCK-GM for Brazil, Peru, and Mexico showed no areas that met the minimum requirements for potential disease introduction or significant yield loss. Therefore, F4 = 0, which suggests that it would be unlikely that importing U.S. milling wheat containing teliospores of T. contraversa would lead to the establishment of dwarf bunt because the environmental conditions favorable for disease are absent. Using environmental data from their weather stations, the TCK-GM was effective in convincing these trading partners that the risk of introducing dwarf bunt into their wheat growing regions was minimal.
TCK-GM results for PRC. China's winter wheat production regions are shown in Figure 6B . Results of the TCK-GM evaluations for the Introduction and Yield Loss scenarios are presented in Figure 7A and B, respectively. In both panels, as with TCK-GM results for the United States (Fig. 4B) , spring wheat growing regions were also identified because of the existence of continuous snow cover in northeastern PRC.
TCK-GM results for the Introduction scenario generated a cumulative distribution function (F4) with a range of 2,000 to 1,001,000 dwarf bunt-conducive hectares. Areas identified were limited to winter wheat growing areas in Gansu, Guizhou, Hubei, Hunan, Shanxi, Xinjiang, and Sichuan provinces where 3.8% of winter wheat hectares had conditions conducive for dwarf bunt introduction at least 1 year in the 15 years examined. In only 1% of the potentially conducive hectares, limited to Guizhou, Sichuan, and Xinjiang provinces, did conditions that might perpetuate the disease occur in more than 25% of the years examined (Fig. 6A) .
TCK-GM results for the Yield Loss scenario generated a cumulative distribution function (F4) with a range of 2,000 to 350,000 dwarf bunt-conducive hectares, which accounts for 1.3% of the total winter wheat hectares in the PRC. The identified regions were limited to small areas of Gansu, Shanxi, and Xinjiang provinces which met the condition of 60 or more days of continuous snow cover at least once in the 15 years evaluated. In this analysis, only 0.5% of the hectares in the province of Xinjiang were identified as having disease-conducive conditions occurring in more than 25% of the 15 years examined.
Monte Carlo Simulations of TCKRisk Model Scenarios for PRC
Introduction scenario for PRC. In the 100,000 iteration simulation, there were 50 incidences in which the spore loading in China exceeded the 86 million spores per hectare threshold for introduction. Thus, it was concluded that the probability of successful introduction is 0.0005. A summary of the teliospore counts per hectare are presented in Table 3 . The maximum count observed was 413,196,700 teliospores per hectare. Only 5% of the Monte Carlo iterations of this scenario had spore counts in excess of 340,864 per hectare.
Yield Loss scenario for PRC. The probability of exceeding the spore threshold in an area conducive to yield loss occurred in 60 of the 100,000 Monte Carlo iterations. Thus, it was determined that the probability of establishment is 0.0006. Spore counts per hectare observed in the simulation are summarized in Table 3 . Only 5% of the Monte Carlo iterations of this scenario had spore counts in excess of 339,505 per conducive hectare. Sensitivity, as determined by rank order correlation, identified that F3P: T. contraversa teliospores per ton of PNW wheat, had values that correlated (R = 0.894) most highly with those of the target variable (i.e., spores per conducive hectare); the next most highly correlated input variable was F1: Annual tonnage of wheat to China from all U.S. origins (R = 0.357). All other input variables had substantially smaller correlations (R < 0.05) with the target variable. Therefore, the primary factors that control whether dwarf bunt would likely establish under favorable environmental conditions is the level of T. contraversa teliospores in the shipment and the quantity of grain imported.
In order to determine if 100,000 iterations were sufficient and the estimated probabilities stabilized, the Monte Carlo simulation of the Introduction scenario was performed 10 times, and confidence interval was determined. These results were compared with that of an additional simulation with one million iterations. Results gave a mean number of positives (introductions) of 0.098% with a standard error of 0.0023 and a 95% confidence interval of 0.093 to 0.103%, confirming that the probabilities have stabilized. The mean percentage of positives obtained when the number of iterations was increased to 1,000,000 was 0.1035%, within the confidence interval of the 100,000 simulations.
To demonstrate the utility of the TCKrisk model, three new scenarios were proposed and applied to the PRC analysis. We referred to these as Scenario 3: All wheat shipped from the PNW; Scenario 4: Increase in wheat imports by PRC; and Scenario 5: Bio-accumulation of teliospores over 10 years.
Scenario 3. If all the wheat exported to the PRC comes from the PNW, it is likely teliospore levels in the model would be greater because T. contraversa is not commonly observed in Gulf wheat shipments. Hence, a scenario was developed in which all the export wheat came from the PNW. The only deviation from the Introduction scenario is that the TCK-risk model node for F2P: Share of wheat shipped from PNW, was changed from a triangular distribution to a fixed value equal to one. This assured that all wheat shipped would come exclusively from PNW. Results determined that importing wheat only from the PNW would result in a probability for introduction of 0.001. A summary of the spore counts is presented in Table 4 . Scenario 4. In this scenario, the PRC would increase imports to as much as 30 million tons per year (double the current highest year). This increased tonnage implies an increased exposure to T. contraversa teliospores. To investigate the potential impact of such a change in trade, the normal distribution for F1: Annual tons of wheat to the PRC from all US origins, was changed to a single value, 30 million tons, in order to consider the maximum risk. Results of the Monte Carlo simulations estimate a probability for introduction of 0.0006 based on exceeding the disease threshold 62 times in 100,000 iterations. A summary of spore counts is presented in Table 4 .
Scenario 5. The build-up of spores over 10 years (Bio-accumulation) scenario assumes that teliospores would accumulate in the soil over 10 years of importing. This assumes that in each year the soil was cultivated for planting, distributing the spores on the surface into the soil, and that 10% of the previous year's spore load remained on the surface where it could infect. This amount was added to the total number of spores arriving in a wheat field the following year, and the process repeated for the next 8 years. In the 10 years examined, representing a total of 1,000,000 iterations of the TCK-risk model, the threshold was exceeded each year (range: 0.001 to 0.0004). For each year, the estimated probabilities of introduction are presented in Table 5 . We considered this an especially rigorous evaluation. The 10% carryover of viable teliospores on the soil surface is very conservative when considering that the life expectancy of free spores in the soil is only 1 to 5 years (14) . Furthermore, if we assume that agricultural practices are efficient, during field cultivation teliospores would be distributed throughout the soil to a depth of 20 cm, and less than 1% rather than 10% of the teliospores would remain at or near the soil surface (J. A. Hoffmann, Logan, UT, personal communication).
If results obtained in the U.S. TCK-GM validation are comparable with those obtained in the TCK-GM evaluation of the PRC, it is likely that those areas truly at risk for dwarf bunt introduction represent only a fraction of the winter wheat hectares identified by the TCK-GM evaluation. Expert opinion (J. A. Hoffmann, Logan, UT; D. E. Mathre, Bozeman, MT; and R. F. Line, Pullman, WA, personal communications) suggests that in order for measurable yield loss to occur, favorable weather conditions for dwarf bunt must occur at least once every 4 years. The TCK-GM evaluation of the Yield Loss scenario identified only 0.5% of China's winter wheat hectares as meeting that criterion.
The disease pathway for teliospore introduction into a wheat field with favorable disease conditions via direct massive spillage from a truck, rail car, or other conveyance was not incorporated in the TCK-risk model. No industry data or documentation was available to estimate such a distribution. However, in the case of the PRC, results obtained from the TCK-GM, the coastal locations of most of their mills handling imported wheat, and the economic nature of overland transportation would strongly suggest a low probability of such a spill occurring in a disease-conducive wheat field.
We note that the TCK-risk model was used by the USDA Foreign Agricultural Service in 1998 to successfully present a case for deregulation of T. contraversa by the PRC and resulted in the 1999 U.S./China Agricultural Cooperation Agreement that removed a 34-year embargo of U.S. wheat from PNW ports and established a tolerance level of 30,000 teliospores per 50 g whole-ship composite wheat sample. The data set representing the level of teliospores in U.S. export shipments (F3P) used in that assessment was derived from the 2,714 whole-ship wheat composite samples collected between 1994 and 1998. Using that dataset, in no scenario did the Monte Carlo simulation detect a probability of introducing dwarf bunt into China, except in the Bio-accumulation scenario. Because the TCK-risk model was designed to be dynamic, we incorporated the new test results from an additional 4,053 ships sampled between 1998 and 2004 into the distribution data set (F3P). Within these new results we encountered one sample with a teliospore count over 1 million per 50.0 g wheat ship composite sample that was likely due to a small fragment of sorus in the sample that exaggerated actual teliospore distribution in the ship. Although 99.9% of the samples tested contained less than 50,000 spores, this one high sample count, picked up in the 100,000 iterations of the Monte Carlo simulation, resulted in a minute probability of establishment by exceeding the disease threshold. Also noteworthy is that over the 10-year export ship sampling study, no sori were detected in any of the samples tested. This is likely due to both the disease management approaches used in the United States that have reduced levels of disease to trace amounts in commercial fields and breakage caused by the continual mixing and handling of grain en route to the export elevators. Additionally, USDA Directive FGIS 9180.47 and FGIS PN-00-7, "Examination of Grain for the Presence of TCK Spores", stipulates that the presence of a single bunt ball in a 1-kg sublot test sample would require rejection of the sublot for export. Because of the U.S./China Trade Agreement, which established a 30,000 T. contraversa teliospores per 50-g composite wheat sample tolerance, the results obtained in this risk assessment do not reflect an increased risk to the PRC. The risk of importing wheat that contained enough spores to reach or exceed the threshold became unlikely because any U.S. ship with a sample testing over 30,000 teliospores per 50-g sample would not be permitted to go to the PRC. When the TCKrisk model was run after truncating the distributions for F3P and F3G (teliospores per shipment) above 30,000 teliospores per 50-g sample, the T. contraversa threshold was never reached, even in the Bio-accumulation scenario. Notably, the cumulative frequency of T. contraversa contamination levels in the 10-year ship sampling study showed that 99.7% of the grain tested contained less than 30,000 teliospores per 50-g sample.
From our perspective, the TCK-risk model has proven to be an effective means of communicating the likelihood of dwarf bunt introduction via the importation of contaminated milling wheat. Its dynamic versatility enables the use of scenario analysis for testing the effects of changes to import practices, as well as identifying potential mitigation actions and predicting their effectiveness. Although developed for U.S. exports, the final model is sufficiently versatile to be used by any country with endemic dwarf bunt wishing to export wheat.
The TCK-risk model was developed to evaluate quantitatively the interactive relationship between the host, environment, and pathogen, and to assess the level of risk associated with the importation of U.S. milling wheat. Its design and purpose is to provide regulators with a measurable scale in balancing the benefits achieved by the importation of the commodity with the possible phytosanitary risks associated with free trade. This concept recognizes that to realize the benefits of free trade, the philosophy of "zero risk" must be replaced with the modern approach of risk management and mitigation.
